This study reports successful application of ZnO nanorod arrays for efficient reduction of reflection losses in heterojunction solar cells on flat non-textured silicon wafers. In addition, aluminium doped zinc oxide (AZO) is proposed as a cheap, abundant and environment-friendly substitution for indium doped tin oxide (ITO), commonly used in transparent front electrodes. The results show a significant reduction of the average weighted cell reflectivity and hence an enhancement in the external quantum efficiency and in the short circuit current density. The main antireflective mechanism was found to be a grading of the refractive index at the AZO/air interface, which has been shown by optical simulations describing the nanorod layer as an effective medium. The ZnO nanorod layers were grown by electrochemical deposition, which is a low-cost and industrially applicable method, since no vacuum conditions and high temperatures are required. Therefore, this concept could be a promising process step in the photovoltaic industry to improve light management in silicon heterojunction solar cells with AZO front contacts, especially attractive for the production utilizing very thin wafers, where wafer texturing for antireflection purposes shows important drawbacks.
Introduction
The silicon heterojunction (SHJ) solar cell technology is attracting more and more attention in both photovoltaic research and industry due to its high efficiency, low temperature fabrication process and potentially lower production cost compared to the diffused homojunction crystalline silicon solar cell [1] . As for the case of homojunction silicon solar cells, the reflection losses in heterojunction solar cells need to be minimized in order to achieve higher energy conversion efficiency. From the other side, the performance of a SHJ solar cell is largely determined by the recombination losses on defects of silicon wafer surfaces.
A standard method to reduce reflection losses in SHJ solar cells is the use of pyramid-like textured wafer surfaces. However, wafer surface texturing is a rather complicated procedure which has several drawbacks. First of all, texturing affects electrical properties as it increases the overall surface area, and thus surface recombination losses will be higher. The textured wafer surface often shows numerous imperfections such as cracks, residuals of etchants and cleaning solvents which are very hard to remove. All of them are increasing defect density at the interface between silicon wafer and passivation layers. Moreover, texturing requires additional post-treatment, such as smoothing of the pyramids, since too sharp textured features can cause short circuits [2] . Besides, the fabrication of contact grids on highly textured surface with screen printing is also challenging due to the gapping between the screen and the texture.
Most commonly, wet chemical etching using KOH (potassium hydroxide), NaOH (sodium hydroxide) or TMAH (trimethyl ammonium hydroxide) is used for texturing [3, 4] . However, this kind of texturing is only applicable for silicon wafers oriented in the <100> crystallographic direction, which limits the choice for production. Furthermore, the SHJ solar cell technology is progressing towards very thin wafers (< 90 μm thickness), where wafer texturing could be hard to realize. Therefore, in this study, we introduce an alternative way to reduce reflection in SHJ solar cells on flat non-textured wafers.
One way to reduce reflection in flat solar cells is the application of a quarter wavelength antireflection coating [5, 6, 7] . In SHJ solar cells, with tin doped indium oxide (ITO) as common transparent front contact, the ITO thickness is adapted between 80 nm and 95 nm to minimize the reflection loss [7] . However, these conventional antireflection coatings only can achieve a low reflectance at a certain spectral range. For incident wavelengths out of this designed range, the measured reflection is considerably increased.
During the last years, zinc oxide (ZnO) nanostructure arrays were deposited as broadband antireflective coatings on top of silicon wafer solar cells [8] , CIGS solar cells [9] and silicon thin-film solar cells in n-i-p configuration [10] . In general, the size of such nanostructures is smaller than the optical wavelengths of incident solar light, thus the light cannot resolve the individual nanostructure of the ensemble. The ensemble of these nanostructures therefore provides a continuous gradient of refractive index from their tops to the semiconductor material, which decreases the surface reflection [11] . This ZnO nanorod concept has already been applied to planar SHJ solar cells: by formation of a ZnO nanorod layer on top of the ITO front contact, the short circuit current density could be enhanced from 29.0 mA/cm 2 to 30.2 mA/cm 2 [12] . However, ITO has several significant disadvantages. First of all, the costs of ITO are very high, mainly due to the scarcity of indium [13] . Another issue is the toxicity of indium [14] , possibly causing ITO to be a toxic compound as well. Replacing ITO with an abundant and environment-friendly material like aluminium doped zinc oxide (AZO) is hence highly relevant for the further development of cheap SHJ solar cells with less environmental impact.
Therefore, in this work, the antireflective properties of ZnO nanorod arrays implemented in silicon heterojunction solar cells with front contacts based on AZO were investigated. For the fabrication of ZnO nanorod arrays, electrochemical deposition was used as a low-cost and industrially applicable method.
Experimental
A schematic illustration of the SHJ solar cells used in this work is shown in Fig. 1 . N-type double-side polished float zone c-Si wafers with <100> surface orientation, a thickness of 250 μm and a resistivity of 1-5 cm were used as non-textured substrates. Prior to deposition, the substrates were immersed in hydrofluoric acid (1 %) for 3 min to remove the native oxide. The intrinsic and doped a-Si:H and c-Si:H layers were deposited by plasma enhanced chemical vapour deposition from SiH 4 :H 2 mixture, adding B 2 H 6 or PH 3 for p-and n-doping, respectively. The transparent conductive oxide (TCO) layers were deposited by DC magnetron sputtering. Two different TCO configurations were used. For sample A (Fig. 1a) , a commonly used 80 nm thick ITO layer was used. On top of that, a 30 nm AZO layer was deposited, acting solely as seed layer for epitaxial nanorod growth. In case of sample B (Fig. 1b) , a 300 nm thick AZO layer was chosen, because this thickness was shown to deliver a good tradeoff between fill factor and short circuit current density [15] . The Ag back contact was deposited by electron beam evaporation; a front metallization was not used. The size of the fabricated cells was 4 cm 2 . Electrochemical deposition was performed in a three-electrode setup with the SHJ solar cell as working electrode, an Ag/AgCl reference electrode (0.198 vs. NHE) and a Pt counter electrode, using a VERSASTAT 4 potentiostat system. The ZnO nanorod layers were grown on the SHJ solar cells using two different approaches. For sample A, deposition was carried out using an aqueous solution of 0.5 mM ZnCl 2 and 0.1 M KCl, saturated with bubbling molecular oxygen, as proposed firstly by Peulon and Lincot [16] . Temperature, potential and time during deposition was 80 °C, -0.82 V and 1800 s, respectively. According to the method first published by Izaki and Omi [17] , an aqueous solution of 0.02 M Zn(NO 3 ) 2 was used as electrolyte in case of sample B. Here, a temperature of 70 °C, a potential of -0.915 V and a deposition time of 480 s was applied.
Images of the ZnO nanorod antireflective layers were taken with a Zeiss Neon 40 scanning electron microscope (SEM) at 45° tilt. Cell reflection measurements were recorded using a Cary 5000 spectrometer with an integrating sphere. External quantum efficiencies (EQE) were determined from differential spectral response measurements, using a SpeQuest system. By convolution with the AM1.5G spectrum, short circuit current density values were calculated. Illuminated current density-voltage (jV) curves were measured with a WACOM dual lamp solar simulator according to standard test conditions (AM1.5G spectrum, 1000 W/m 2 , 25 °C). The simulations were performed with the optical simulation software SCOUT based on the transfer matrix method.
Results and discussion

Nanorod morphology
The surface morphologies of the resulting ZnO nanorod arrays are shown in Fig. 2 . As both ZnO nanorod layers are deposited on an AZO seed layer, the nanorod growth is epitaxial and leads to a dense array of upright oriented nanorods. The differences between ZnCl 2 and Zn(NO 3 ) 2 nanorods concerning dimensions are small: Both types of nanorods exhibit diameters in a range of 20 nm to 80 nm. However, the nanorod array grown out of ZnCl 2 solution seems to be more homogeneous and denser than the nanorod array grown out of Zn(NO 3 ) 2 solution. Fig. 3 depicts the total cell absorption and the external quantum efficiency of SHJ solar cells with different front contacts and ZnO nanorod layers, in comparison to the corresponding flat references without nanorods. The total cell absorption corresponds to the amount of incoming light minus reflected light (1-R), assuming that no light is transmitted through the complete cell stack. For evaluating the effectiveness of this ZnO nanorod antireflection coating, it is important to take the AM 1.5G solar spectrum into account. Therefore, the average reflectivities R w of the nanorod and flat SHJ solar cells, weighted with the AM1.5G spectrum (from 380 -1200 nm), were calculated according to the following formula and listed in Tab. 1.
Solar cell reflection and external quantum efficiency
Here, S( ) and R( ) denote the AM1.5G spectrum and the measured cell reflection as function of incident wavelength , respectively. It can be observed in Fig. 3 , that at those wavelengths, where antireflection is most pronounced for the flat SHJ solar cells, the antireflection condition is weakened by implementation of the ZnO nanorod layer and hence the reflection increased. For the other wavelengths, a reduction in reflection is observed. However, the value of average weighted reflectivity is reduced by the use of a ZnO nanorod antireflective layer for both kinds of SHJ solar cells, as can be seen in Tab. 1. In general it can be observed, that the reflection curves for the flat and nanorod cells are quite high. This indicates that the chosen TCO structures are too thick and need to be further optimized.
Since the reflection is not reduced for all wavelengths, the EQE is consequently not enhanced for all wavelengths either. Nevertheless, overall increases in the short circuit current density by 0.9 % and 8.8 % were calculated from EQE spectra for sample A and B, respectively. Besides, the EQE curves demonstrate that parasitic light absorption in the ZnO nanorod array is negligible, since nearly no losses occur in the EQE at wavelengths below 400 nm. This is probably due to the small volumes of the ZnO nanorods, as compared to those of the seed layers.
The antireflective effect of the ZnO nanorod layers is expected to be due to the formation of an effective medium at the AZO/air interface by the ZnO nanorod array, which acts as a layer with effective refractive index. This weakens the abrupt transition in refractive indices at the interface [18] , which is responsible for reflection according to Fresnel equations. In order to prove this hypothesis, optical simulations of the solar cell reflection were performed, in which the cell stack displayed in Fig. 1 was assumed. Here, the roughness at the interface between AZO and air was described with the Bruggemann effective medium approximation [19] . The thicknesses of the ZnO nanorod layers were chosen to be 150 nm and 200 nm for sample A and B, respectively, which was deduced from SEM images. The resulting simulated reflection curves can be seen in Fig. 4 for the two different samples, in comparison to the measured reflection data shown in Fig. 2 . It can be observed, that the simulated curves correspond well with the measured reflection curves. Therefore, the assumption of the graded refractive index at the AZO/air interface can be confirmed. Generally, such a graded refractive index leads to a broadband antireflective behavior at the respective interface [11] . This is an advantage compared to the commonly used quarter wavelength antireflective coatings, which suppress reflection only in a certain wavelength range. In addition to refractive index grading, the roughness of the nanorod structures is known to cause diffuse light scattering [20] , also leading to an enhancement in the short circuit current density. Since in this study relatively thick absorber layers (about 250 μm) were used, this effect is expected to be rather small in this case, and was therefore not considered in more detail. However, since the SHJ solar cell technology is progressing towards thinner wafers, this nanorod property might gain in importance.
Solar cell performance
Since the ZnO nanorod antireflective layers are grown directly on the terminated SHJ solar cell and hence only optically but not electrically active, the electrical properties of the SHJ solar cells are expected to remain unchanged. In fact, both the open circuit voltage V oc and the fill factor FF are comparable for the nanorod and flat reference SHJ cell, as shown in Fig. 5 for sample B . Because of the gain in the short circuit current density j sc by implementation of the ZnO nanorod antireflective layer, a relative enhancement of efficiency by 2.8 % could be observed. 
Conclusion
In this work, we have demonstrated a concept to improve the light incoupling in flat silicon heterojunction solar cells with front contacts based on AZO by implementation of electrochemically grown zinc oxide nanorod antireflective layers. Our results showed a reduction in the average weighted reflectivity and hence an enhancement in the short circuit current density for both 80 nm ITO plus 30 nm AZO and 300 nm AZO front contact. Optical simulations, in which the ZnO nanorod layers were treated as an effective medium layer, showed that the antireflective properties can be ascribed to the formation of a graded refractive index at the interface between AZO and air.
Since the proposed technique is cost-effective and can be easily transferred to industrial scale, our concept is highly promising as a process step in industry to improve light absorption in silicon heterojunction solar cells and to provide efficient front electrodes based on AZO instead of nowadays used ITO.
